Rhabdomyosarcoma, the most common soft-tissue malignancy of childhood and adolescence, comprises a group of differing pathobiologic entities linked by their common propensity for formation of neoplastic skeletal muscle, a feature that results from biological forces related to aberrant transcription signals and the resultant production of myogenic proteins. At a molecular level, however, rhabdomyosarcomas form a heterogeneous group that can be subdivided into distinct clinicopathologic entities based on morphologic appearance and genetic makeup. These differing morphologic features were recognized in the mid-1900s by Horn and Enterline with their division of rhabdomyosarcomas into embryonal, alveolar, botryoid, and pleomorphic subtypes. More recent histologic and biologic studies have resulted in description of additional entities, such as spindle cell and anaplastic rhabdomyosarcoma, and refinements in recognition of the original entities, such as solid-alveolar rhabdomyosarcoma. Familiarity with newer classifications and their relationship to molecular aberrations is key to stratifying patients on current therapeutic protocols and proposed innovative genetic therapies.
Although relatively rare in adults, rhabdomyosarcomas are the most common soft-tissue malignancy in children and adolescents, in whom they comprise approximately 60% of sarcomas reported per annum (1) . In many ways, the histology of these neoplasms is analogous to myogenesis in the developing embryo, yielding clues to the biology of these lesions. For this reason, it is more correct to define rhabdomyosarcoma as a tumor derived from primitive mesenchyme and exhibiting a profound tendency towards myogenesis than to define it as a cancer arising from skeletal muscle. The former concept was eloquently expressed by Masson (2) , who referred to rhabdomyosarcomas as "rhabdopoietic sarcomas," and it better explains the observation that more tumors arise from viscera and axial soft tissues than from the extremities (3). Historically, this is a well-established phenomenon, considering Stafford's report in 1839 (4) of a probable prostatic rhabdomyosarcoma in a 5-year-old child, and the first series of these tumors, reported in 1894 (5) , in which the majority of cases involved the urogenital tract.
Standard Classification
Ironically, it was not the striking histologic differentiation of rhabdomyosarcomas that led to Guersant's (6) description of the first reported subcategory of these neoplasms but the gross appearance of a tumor arising from the vagina of a young girl. This polypoid lesion resembled a bunch of grapes, leading to its designation as a sarcoma botryoides, from the Greek term botryos. Botryoid rhabdomyosarcoma, the current name for sarcoma botryoides, now comprises a clinically and pathologically distinctive form of rhabdomyosarcomas. These lesions should abut an epithelial surface, such as that of the bladder, bile duct, vagina, or conjunctiva, and project into the lumen as multinodular excrescences of variable size. Intriguingly, a similar phenomenon occurs in rhabdomyomatous Wilms tumors that involve the renal pelvis (7, 8) . The microscopic sine qua non of botryoid rhabdomyosarcoma, prerequisite for the diagnosis by the current classification (9) , is the cambium layer (Fig. 1) . This subepithelial condensation of tumor cells derives its name from the from the cambium layer of plants, a compressed subsurface zone of cells in stems and roots that gives rise to phloem and xy-lem. Whether botryoid rhabdomyosarcomas are a biologically distinct entity or a site-specific variant of embryonal rhabdomyosarcomas remains a subject of debate, and biologic studies to date have not yielded a molecular distinction.
Microscopic observations led to description of embryonal rhabdomyosarcoma, the next variant of rhabdomyosarcoma to be discovered. This was so named in 1894 by Berard (10) , who termed it a tumeur embryonnaire du muscle striae. The histologic features of this tumor, with its zones of loose and dense cellularity, remarkably recapitulate normal embryonal myogenesis, in which loose primitive mesenchyme condenses to form nascent muscle (Fig. 2) . The tumor cells composing embryonal rhabdomyosarcomas variably exhibit all cellular phases of myogenesis, from stellate undifferentiated mesenchymal cells to elongated myoblasts, multinucleated myotubes, and fully differentiated myofibers. The latter phases become more prevalent after combination chemotherapy and irradiation, which induces terminal differentiation (11) . As a general rule, embryonal rhabdomyosarcomas arise from the genitourinary tract, head and neck, and abdomen and affect infants and young children. Thus, both histologically and clinically, they share features with other embryonal neoplasms of childhood, such as Wilms tumors, hepatoblastomas, pancreatoblastomas, and neuroblastomas. They similarly occur as part of the neoplastic spectrum of the Beckwith-Wiedemann syndrome, a familial lesion with biologic implications for epigenetic inheritance and imprinting (12, 13) .
In 1946, Stout, one of the premier soft-tissue pathologists of the twentieth century, made the initial description of the next published variant of rhabdomyosarcoma, the pleomorphic subtype (14) . Pleomorphic rhabdomyosarcomas arise almost exclusively in the soft tissues of adults and comprise part of the spectrum of lesions known as "malignant fibrous histiocytoma" (15) . They form spindle cell lesions with a whorled or storiform pattern and containing cells with enlarged, hyperchromatic nuclei. Because the tumor cells only rarely display frank myogenesis, there has been controversy as to the very existence of this neoplasm, but immunohistochemical studies have confirmed their myogenetic potential and verified their nosologic status (16). In the rare pleomorphic rhabdomyosarcoma seen in the pediatric age group, there is usually another component (17) , so that this category currently is not used for pediatric subtyping and has been subsumed into the anaplastic and spindle cell subtypes (see later discussion).
In 1956 (18), Riopelle and Theriault described the final category of traditionally recognized rhabdomyosarcomas, alveolar rhabdomyosarcoma. Using only six cases of their own and comparing them with other published tumors, they engendered a new species of small-cell tumor that was distinctive from similar lesions tending to arise in adolescents, such as lymphoma and Ewing sarcoma. In those halcyon days preceding the advent of immunohistochemistry, pattern recognition played a solo role in pathologic diagnosis, but it lacked sufficient definition to deal with histologically indistinguishable, undifferentiated, small round cell tumors. Thus, Riopelle and Theriault focused on a key defining pattern, the alveolar structure formed by the fibrous septa of these neoplasms, which offered a practical, reproducible means of diagnosis (Fig. 3) . These fibrous septa are composed of collagenous fibrovascular tissue that forms a scaffolding suspending attached rhabdomyoblasts and circumscribing central clusters of tumor cells that appear to float in alveolar spaces. Of note is that in these neoplasms, Riopelle and Theriault described solid areas lacking fibrosis and resembling lymphoma, a phenomenon further noted by Enzinger and Shiraki (19) in one half of the AFIP series and more extensively used by recent classifications that recognize a solid pattern in so-called alveolar tumors.
Drawing from the key reports described above and using their own series of 39 cases, in 1958, Horn and Enterline (20) derived the first commonly used subclassification system for rhabdomyosarcomas (Table 1) . This system came into common use in the latter part of the 1900s and appeared to work well from a clinicopathologic standpoint, as it predictably defined tumor types likely to occur in given age ranges and anatomic sites. Using univariate analysis of Intergroup Rhabdomyosarcoma Study (IRS) material, Newton et al. (17) demonstrated the potential prognostic value of standard rhabdomyosarcoma classification. However, even luminaries such as Stout and Lattes (21) felt that subclassification had little bearing on survival, and in one report (22) , Gonzalez-Crussi and Black-Schaffer lamented that it was based on poorly defined criteria, resulted in marked disparities in studies, and disregarded morphologic heterogeneity. Thus, the stage was set for further refinements in rhabdomyosarcoma classification.
Cytohistological (Palmer) Classification
The cytohistological classification promulgated by Palmer et al. began as a retrospective investigation of IRS-I and -II material maintained at the IRS Pathology Center. Beckwith and Palmer (23) had published a landmark histopathologic study that described the prognostic features of pediatric renal tumors, and Palmer applied similar methods to the study of rhabdomyosarcoma. In this manner, Palmer used no preconceptions about rhabdomyosarcoma histology, but rather he catalogued a series of recurring cytologic appearances and tested their value using statistical analysis. His resultant classification is listed in Table 1 . Palmer found his classification to be more predictive than the Horn and Enterline classifications performed by the IRS pathologists, and he and Foulkes estimated that the presence of unfavorable histology increased the risk of death by a factor of 3.77 (24).
Palmer's cytohistologic classification was based on nuclear morphology rather than cytoplasmic differentiation. As such, his work foreshadowed observations made in subsequent newer classifications that refined the standard Horn-Enterline system. Among these findings were that tumors composed exclusively of small round cells (monomorphous round cell rhabdomyosarcoma; 
SIOP Classification
Using methods similar to those of Palmer, in 1989, Caillaud et al. (27) published a classification used to test a pediatric sarcoma registry from a large multi-institutional study, that of the International Society of Pediatric Oncology (SIOP). The IRS and SIOP studies diverged, however, in that the SIOP group concentrated on cytologic differentiation and cellular density rather than nuclear features (see Table 1 ). In this manner, embryonal rhabdomyosarcomas were subdivided into loose or dense, botryoid or non-botryoid, poorly differentiated or well differentiated, or not otherwise specified (NOS). Alveolar and pleomorphic tumors retained the conventional definitions of Horn and Enterline, and a new category, embryonal sarcoma (Fig. 7) , arose; these sarcomas were characterized by their low-power similarity to embryonal rhabdomyosarcomas but high-power lack of obvious myogenesis by routine staining (28) . Redefinition of embryonal sarcomas becomes necessary when one adds muscle immunostains to the diagnostic armamentarium, as they are usually positive in these tumors, and chemotherapy also induces the tumor cells to exhibit myogenic differentiation (28) . As a result, embryonal sarcomas are considered a primitive form of embryonal rhabdomyosarcoma in our current classification (9) .
In the initial SIOP review, superior outcomes were seen in three subtypes of rhabdomyosarcoma: loose botryoid, embryonal NOS, and dense welldifferentiated embryonal. In general, welldifferentiated tumors did better than alveolar and poorly differentiated ones. To put these results into perspective with those of the other classifications, it should be noted that SIOP alveolar tumors were of the standard variety with fibrous septa but that solid alveolar tumors had been included with embryonal lesions as per the Horn-Enterline classification. One may thus assume that a proportion of the poorly differentiated embryonal rhabdomyosarcomas in the SIOP classification might correspond to solid alveolar rhabdomyosarcomas of the National Cancer Institute (NCI) classification, as described below. Of interest is that the primitive embryonal sarcomas fared better than standard embryonal rhabdomyosarcomas in a subsequent SIOP review (28) .
National Cancer Institute (NCI) Classification
The recognition of solid alveolar rhabdomyosarcoma represented the major revision made by the NCI classification (Table 1) , published in 1990 by Tsokos et al. (29) . As stated above, in many ways, the inclusion of solid alveolar tumors lacking fibrous septa into the alveolar category was a reinvention of the original intent (Fig. 4) . Riopelle and Theriault (18) had noted that these foci occurred often at the periphery of the lesions, and Enzinger and Shiraki's AFIP series (19) had contained these areas in one half of alveolar tumors. The key to recognition of alveolar tumors was the round, monomorphous, lymphoma-like, nuclear cytology, as had been presciently noted by Palmer and Foulkes (24) . In a retrospective study of the NCI classification using a large cohort of rhabdomyosarcomas treated at the NCI and St. Jude Children's Research Hospital, the clinical outcome of solid tumors paralleled that of typical alveolar rhabdomyosarcomas. In addition, NCI classification was an independent prognostic factor in multivariate analysis, whereas conventional Horn-Enterline histology was predictive of outcome only in univariate statistical study.
Subcategories of embryonal histology also constituted part of the NCI classification; these included pleomorphic embryonal, leiomyomatous embryonal, and embryonal with aggressive foci (29) . By statistical analysis, these subclassifications of embryonal rhabdomyosarcoma did not appear to affect clinical outcome in the combined NCI/St. Jude review.
Categorization of rhabdomyosarcomas was tremendously aided by a major discovery made in the early 1980s, namely, that alveolar rhabdomyosarcoma is cytogenetically characterized by a reciprocal translocation, the t(2;13)(q35;q14). Using this karotypic aberration, which appeared unique to alveolar tumors, it was possible to prove that solidalveolar rhabdomyosarcomas possess biologic as well as clinicopathologic identity with typical alveolar tumors (30).
International Classification
As this plethora of subcategorization arose, it became evident that rhabdomyosarcoma classification was heading down the same muddy road of confusion that had been plaguing lymphoma classification. Thus, using the model developed by the Working Classification Group for Non-Hodgkin's Lymphoma (31), Newton and colleagues at the IRS undertook a similarly promethean task, that of testing each of the systems described above and authoring a new international classification. The ultimate goal of this group was to stratify rhabdomyosarcoma into prognostically significant and diagnostically consistent morphologic subgroups. To this end, Newton and colleagues assembled a panel of experts representing each classification, tested the overall agreement reached among these pathologists when using all schemas, and devised a new system based on the level of agreement and power of prognostic prediction (9, 32) . The result, an International Classification for Rhabdomyosarcoma, is shown in Table 1 . The diagnostic categories of rhabdomyosarcoma, not otherwise specified, and sarcoma, not otherwise specified, were respectively retained for cases in which rhabdomyosarcoma could be diagnosed but not subtyped or in which the diagnosis was strongly suspected but not verifiable because of suboptimal biopsy material (9) . The IRS Pathologic Review Committee (now part of the Children's Oncology Group) has continued to use this system to the present time (33) .
The basic rule for application of the International Classification is that the key diagnostic features used for embryonal and alveolar variants of rhabdomyosarcoma, as described above, have been retained. The category of alveolar rhabdomyosarcomas been expanded to include solid variants (see earlier in this article) that lack fibrous septa (Fig. 4) . Botryoid rhabdomyosarcoma has also been retained as a diagnostic category, with features as described above, with the caveat that a cambium layer (Fig. 1) is essential for diagnosis. Finally, a new category, spindle cell rhabdomyosarcoma, has been added, with features as described below. Because of pleomorphic rhabdomyosarcoma's rarity in children and its overlap with anaplastic rhabdomyosarcoma (see below), it is not included in the International Classification.
One feature of particular note is that some rhabdomyosarcomas contain histologic features of multiple subtypes. In current classification parlance, the presence of any alveolar element translates into a bad prognosis (34) . The biologic basis for these mixed tumors is currently unknown, although some studies suggest that even the embryonal elements of "bad" tumors have genetic features of alveolar rhabdomyosarcoma (35, 36) . Interestingly, alveolar rhabdomyosarcomas frequently show amplification of MYCN, a phenomenon observed only in the alveolar component of mixed tumors (37) .
Newer Entities
Inclusion of one new diagnostic subcategory of rhabdomyosarcoma, spindle cell rhabdomyosarcoma, was deemed necessary when the International Classification was devised. Taking their cue from the older studies of Palmer of "type A" superior prognosis tumors (25, 26) , Cavazzana and colleagues (38) in 1992 published a retrospective analysis of these lesions, which they renamed "spindle cell rhabdomyosarcomas." Using their own clinical data and morphologic studies, they confirmed the excellent clinical outcome of these lesions and carefully described their histologic features. Spindle cell rhabdomyosarcomas primarily arose in paratesticular locations and exhibited a whorled spindly appearance akin to that of smooth muscle tumors (Fig. 6 ). Additional retrospective analyses were then performed by IRS pathologists, who reconfirmed the uniqueness of these tumors (39) . They thus were included as a separate category in the International Classification (9) . One histologic feature noted in Cavazzana's study (38) was strong immunopositivity for titin, a marker of terminal differentiation.
Another new entity that was considered for inclusion in the International Classification but ultimately not included was the anaplastic rhabdomyosarcoma. Anaplastic tumors had constituted a poor prognosis group of the Cytohistologic Classification of Palmer, but their definition was somewhat poorly defined because it was based solely on the presence of a single atypical multipolar mitosis. A reanalysis of the slides and clinical data published in 1993 by the IRS Pathology Center (40) indicated that enlarged, hyperchromatic nuclei akin to those in anaplastic Wilms tumor (23) were also key to the diagnosis. However, the critical factor in determining the poor clinical outcome of these tumors appeared to be whether the anaplastic cells were aggregated in a clone-like cluster or sprinkled in a haphazard, single-cell fashion; the former feature appeared to be a bad-prognosis factor. Preliminary data from immunohistochemical studies indicates that the anaplastic cells contain abnormal p53 (41) . Work on additional tumors is ongoing at the IRSG Pathology Center, and prospective data is accumulating to determine whether these tumors will retain their bad connotation and deserve special therapy. At present, they are not included in the International Classification (Table 1) .
For the practicing pathologist, anaplasia is best recognized on low-power examination as areas of cellular and nuclear enlargement. Focusing on these areas should reveal hyperchromasia and pleomorphism in affected cells (Fig. 5) . Although currently not a critical feature, the presence of multipolar mitoses is frequently noted. The significance of these findings lies in the fact that a limited number of reports has associated these cells with poor outcome, particularly if discrete, clonal populations are seen. However, recognition of anaplasia does not affect clinical management at present on IRSG protocols, pending accumulation of additional prospective data.
Biologic Studies Related to Rhabdomyosarcoma Classification
Work continued apace on characterization of the t(2;13) translocation of alveolar rhabdomyosarcoma, with the discovery that the genetic breakpoints resulted in a fusion of the genes PAX3 and FRHR (formerly ALV). The resultant chimeric protein causes aberrant transcription resulting in both unrestrained cellular division and initiation of a myogenesis program (35, 42) . Using this data, in 1995, Downing and colleagues (43) developed a molecular diagnostic test to detect this aberration using reverse transcriptase-polymerase chain reaction (RT-PCR).
Another discovery was that an another member of the PAX family, PAX7, fused with FRHR in an alternate translocation present in some alveolar rhabdomyosarcoma, the t(1;13)(p36;q14). The importance of this discovery has recently been heightened by indications that tumors with this translocation behave in a manner more akin to that of embryonal tumors than alveolar ones (44), a phenomenon perhaps related to differing mechanisms of transcription between the PAX 7/FRHR and PAX3/ FRHR fusions. A surprisingly large subset of alveolar rhabdomyosarcomas have appeared to show no evidence of a translocation (43, 45) ; investigation of the molecular nature of these fusion-negative alveolar rhabdomyosarcomas is in progress.
Unlike the case in alveolar tumors, efforts to discover a single, key genetic mutation in embryonal rhabdomyosarcomas have been fruitless. It is apparent that many of these tumors exhibit loss of heterozygosity (LOH) at chromosome 11p, and this discovery by Scrable et al. (46) was used to proposed a classification based on molecular features rather than histologic ones. LOH in this region links embryonal rhabdomyosarcomas with other embryonal neoplasms, such as Wilms tumors and hepatoblastomas (47) , and constitutional lesions such as the Beckwith-Wiedemann syndrome (48) . A perhaps-related phenomenon is loss of genetic imprinting in genes at this locus (49, 50) . Although a single genetic lesion cannot be identified, aberrations affecting the methylation status of key genes such as MyoD (51) and p21 (52) have been identified. These findings suggest that the causation of embryonal rhabdomyosarcoma may be epigenetic rather than genetic, which would explain the association of rhabdomyosarcoma with alterations of imprinting. This hypothesis might also explain the frequent hyperdiploidy (53, 54) and chromosomal duplications (55, 56) seen in embryonal rhabdomyosarcomas, as lesions affecting methylation genes can lead to these phenomena (57-59).
Modern-Day Diagnosis of Rhabdomyosarcoma
Like classification, modern-day diagnosis of rhabdomyosarcoma is often a difficult proposition. However, some of the tools we have learned to use in classifying rhabdomyosarcoma are equally effective for ancillary diagnosis. In the 21st century, immunohistochemistry has attained ascendancy as the foremost method of diagnostic confirmation. A variety of muscle markers have been identified; a partial listing is seen in Table 2 . Myoglobin, one of the first markers identified, suffers from its relative lack of sensitivity, as only differentiated cells express it. Desmin and muscle-specific actin have been used most extensively, gaining much popularity during the late 1980s. These filamentous proteins are relatively sensitive, but they are also expressed by a variety of cells other than rhabdomyoblasts, including smooth muscle, myofibroblasts, pericytes, and myoepithelium. Among sarcomas, peripheral neuroectodermal tumors (PNET), myofibrosarcomas, leiomyosarcomas, malignant peripheral nerve sheath tumors, and desmoplastic small-cell tumors may express desmin and/or muscle actin. Perhaps the most sensitive and specific group of proteins useful in immunohistochemical diagnosis of rhabdomyosarcoma are the muscle transcription factors MyoD and myogenin. These proteins, which define the earliest events in molecular determination of myoblastic lineage, are paradoxically expressed at high levels in most rhabdomyosarcomas, even though the cells often show little differentiation. Immunohistochemical techniques using heat retrieval allows use of these markers in paraffin sections, although this process tends to decrease staining and to introduce an element of nonspecific cytoplasmic positivity. Thus, only nuclear staining should be considered positive. The pattern of staining appears to predict classification, as a heterogeneous pattern is more typical of embryonal rhabdomyosarcoma, whereas strong, diffuse staining is a feature of alveolar rhabdomyosarcoma (60) .
Other diagnostic approaches are appropriate with some tumors, as the differential diagnosis of rhabdomyosarcoma comprises the entire breadth of small, round cell tumors, including neuroblastoma, the Ewing family of tumors (Ewing sarcoma and PNET), lymphoma, and desmoplastic small cell tumor. Spindle cells also are common in rhabdomyosarcomas, prompting consideration of fibrosarcoma and myofibrosarcoma, leiomyosarcoma, malignant fibrous histiocytoma and its congeners, malignant peripheral nerve sheath tumor (particularly Triton tumor), epithelioid sarcoma, and synovial sarcoma. Occasional rhabdomyosarcomas display a bewildering phenotype; even monoclonal light-chain and B-cell marker positivity are possible (61) . Ectomesenchymomas are defined by their mixture of muscle and neural elements (62) . Some aggressive rhabdomyosarcomas present with no defined primary, extensive bone marrow involvement, and even leukemic spread (63) . Thus, it is sometimes desirable to resort to molecular testing with fusion markers or cytogenetics. In circumstances in which histologic features do not match immunohistochemical stains, I find it particularly helpful to use genetic studies and electron microscopy.
Another problematic feature of rhabdomyosarcomas arises with excisions or biopsies performed after multimodality therapy. Treatment induces not only necrosis and shrinkage but also fibrosis and cytodifferentiation (64) . The terminal differentiation so induced can be so striking that the neoplastic myoblasts recapitulate normal muscle, particularly entrapped, regenerative myofibers. In tumors involving skeletal muscle, an unresolvable Gordian knot may arise that cannot be completely solved with current techniques. At present, the clinical significance of terminally differentiated tumor is unclear, although some limited, retrospective studies would indicate that it is nontumorigenic (65) . The exquisite specificity of myoglobin in terminally differentiated myocytes makes it a useful marker of differentiated tumor in non-skeletal musclecontaining tissues like urinary bladder or prostate. MyoD and myogenin are less helpful because their expression is usually down-regulated with terminal differentiation.
SUMMARY
It is apparent that rhabdomyosarcoma comprises a group of morphologically similar but biologically diverse lesions. The latest classification systems represent attempts to synthesize clinically relevant subgroups based on histologic appearance and verified by molecular genetic techniques. Using these tools, rhabdomyosarcomas can be subdivided into superior, good, and bad prognosis groups. Work with some categories, such as anaplastic rhabdomyosarcomas, is ongoing. Evolution of these ideas will doubtlessly progress as biologic and clinicopathologic studies yield additional data. 
